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I. INTRODUCTION
OFDM is an established modulation scheme in current broadband wireless mobile communication systems due to its high spectral efficiency and robustness to multi-path interference [1] , [2] . A well-known disadvantage of the OFDM system is its sensitivity to frequency offset caused by oscillator inaccuracies and the Doppler shift in the channel. The carrier frequency offset causes loss of orthogonality, in which case the signals transmitted on each carrier are not independent of each other, thus leading to ICI. Several techniques were developed to reduce the effect of frequency offset. These techniques can be grouped into two broad categories [3] . The first category is termed the frequency offset estimation and correction category [4] , [5] . The second group is termed the frequency-offset reduction category, and is exemplified by references [6] - [13] . In this second category, either a guard interval or redundant modulation is necessary in order to achieve a trade-off between frequency offset sensitivity and bandwidth efficiency. In this paper, a new scheme belonging to the second category, the redundant modulation ICI selfcancellation schemes, is proposed that gives better performance compared to the existing ICI self-cancellation schemes.
This paper is organized as follows: Section II outlines briefly the ICI effect in OFDM systems. Section III reviews the published ICI self-cancellation techniques. Our ICI selfcancellation scheme is introduced in Section IV. Section V details a comparative CIR and BER performance study between the proposed scheme and earlier schemes. The conclusions of this paper are summarized in Section VI. Manuscript 
II. OFDM SYSTEMS AND ICI EFFECT
In the OFDM systems, the transmitted signal in the time domain can be expressed as
The CIR is the ratio of the signal power to the power in the interference components. It serves as a good indication of the signal quality at high signal to noise ratios. Assuming standard transmitted data with zero mean and statistically independent transmitted symbols on the different subcarriers, the CIR is given by where x(n) denotes the n th sample of the OFDM transmitted signal, X(l) denotes the modulated symbol within the l th subcarrier, and N is the number of the total subcarriers. Assuming an AWGN channel, the received signal in time domain can be written as where ε is the normalized frequency offset, and is given by ΔfNT s . Δf is the frequency difference between the transmitted and received carrier frequencies and T s is the subcarrier symbol period. The term w(n) is the AWGN introduced by the channel.
The effect of this frequency offset on the received symbol stream can be understood by considering the received symbol Y(k) on the k th sub-carrier [14] .
where X(k) is the transmitted symbol (M-ary phase-shift keying (M-PSK), for example) for the k th subcarrier, n k is the k th component of the FFT of w(n), and S(l-k) are the complex coefficients for the ICI components in the received signal. The ICI components are the interfering signals transmitted on sub-carriers other than the k th sub-carrier. The complex coefficient S(l-k) is given by [14] . attention has been paid to the ICI self-cancellation schemes due to its simplicity. The principle of this technique is to map each transmitted symbol onto a group of r (r≥2) subcarriers, as shown in Fig. 1 and the ICI generated within the group can be self-cancelled through the characteristics of ICI coefficients. The first ICI self-cancellation technique was reported by Zhao [6] , and is known as Adjacent Symbol Repetition (ASR). It depends on repeating the same symbol with opposite polarity on two adjacent subcarriers, k and (k+1), and then combining the received samples at the receiver as given by:
The Phase-Rotated Data Allocation (PRDA) scheme in [12] is closely related to ASR, where the same symbol is repeated with a phase shift -π/2 on two adjacent subcarriers, k and (k+1). An improved form of PRDA was proposed in [13] where each symbol is repeated with different complex weights on four consecutive subcarriers, which degrades the throughput severely.
In Symmetric Symbol Repetition (SSR) scheme [7] , the repeated symbols with opposite polarity are transmitted on symmetric subcarriers k and (N -k -1).Therefore, the data block becomes: 
While ASR and SSR schemes are effective in reducing the ICI term on the received signal, the received signal still experiences the same phase rotation as a conventional OFDM.
In another technique, known as Adjacent Conjugate Symbol Repetition (ACSR) [8] , the symbol X k on subcarrier k is conjugated and repeated on subcarrier (k+1). Therefore, the data block will be x = (X 0 , X* 0 , ...X N/2+1 , X* N/2+1 ),where * denotes complex conjugate. The receiver combines the received samples Y k and Y k+1 through the relation:
In Symmetric Conjugate Symbol Repetition (SCSR) [8] ,the modulated symbol X k is mapped on subcarriers k and (N-k-1) . Therefore, the data block becomes x = ( X 0 , X 1 
The two previous schemes (ACSR, SCSR) mitigate the phase error, however the average CIR gain decreases with increasing frequency offset.
Another form of repetition; (X k , X k+1 =-X * k ), is also considered in the peak-to-average power ratio (PAPR) reduction scheme, where the receiver combines the received samples Y k and Y k+1 [9] using:
The PAPR reduction technique is closely related to ACSR technique. Unlike other ICI self-cancellation algorithms employing data repetition [6] or conjugate data repetition [7] within the same OFDM symbol interval, the Conventional Conjugate Cancellation (CC) Scheme [10] transmits two independent paths such that the ICI weighting coefficient for one path is the conjugate of that for the other path. The CC scheme achieves high CIR values when the frequency offset is small. However, the CIR performance of the CC scheme declines more rapidly with increased offset than those of other ICI cancellation schemes. This property makes the CC scheme undesirable at high frequency offset situations. A generalized form of CC scheme was proposed in [11] , where one of the two paths is shifted by an adaptable phase angle relative to the other. The estimation of this adaptable phase angle requires a feedback from receiver to transmitter, which adds significant complexity to this scheme.
IV. PROPOSED ICI SELF-CANCELLATION SCHEMES
In this paper, we propose a new ICI self-cancellation technique. The main idea of this technique is first introduced using a simple single carrier system, then it is applied to multicarrier modulation systems.
A. Conjugate Phase Additive Single Carrier Transmission
The main idea of the proposed scheme is first introduced 
where r 1 and θ 1 are the magnitude and the phase of the received symbol corresponding to transmitted symbol X 1 . We can now eliminate the effect of CFO phase shift completely if we calculate the output of the receiver as  Get R 1B *.  Multiply R 1A multiplied by R 1B *. Note that the offset phase angle φ is eliminated in the product.  Calculate the received signal as
Although equation 12 indicates that the CFO error is completely eliminated, the multiplication process has several disadvantages. First, constellation points of the lower half of the complex plane are folded on those of the upper half; leaving only half the constellation points usable. Also, multiplication complicates the symbol detection process considerably. It adds also significant hardware complexity. We, therefore, modified the algorithm in equation 12 as follows:
 Calculate phases of R 1A and R 1B *. Find the average these two phases θ av .  Calculate the received signal as
Our proposed ICI self cancellation scheme is, therefore, labelled as conjugate phase additive scheme. Note also that complete CFO elimninaion is valid for higher order modulation schemes, provided that AWGN effect is negligible and the system is a single carrier system. Partial cancellation of the CFO errors takes place if any of these two conditions is invalid
B. Conjugate Phase Additive Multi Carrier Transmission
In this section, we apply the proposed modulation scheme introduced in section (IV-A) into OFDM system and we propose the next two conjugate techniques.
1) Adjacent conjugate phase additive OFDM (ACPA)
At the transmitter, we map the modulated data symbol X on two subcarriers as X and X*, then the received symbol on subcarrier k becomes
Similarly, on subcarrier k+1 we get 1 * * * * 0,2,...
The receiver combines the received samples Y k and Y k+1 by multiplying (Adding phases in polar form) the adjacent subcarriers after conjugating Y k+1 using the following relation:
The first term in the right-hand side of (15) represents the desired signal, and the other terms are the ICI components.
Using ICI coefficient given by (15), the CIR of ACPA scheme can be expressed as 2 * 0 0
Phase shift of each subcarrier received symbol changes according to the change of the frequency offset. If the phase shift is significant enough for a particular modulation scheme, then the original data may be corrupted. For the proposed self cancellation scheme the phase rotation of the desired signal X(k) caused by the frequency offset is
2) Symmetric conjugate phase additive OFDM(SCPA)
The receiver combines the received symbols Y k and Y N -1-k and the decision variable becomes
The CIR of SCPA scheme can be expressed as
V. SIMULATION RESULTS AND PERFORMANCE EVALUATION

A. Performance of the ACPA / SCPA Techniques
For the sake of maintaining the same spectral efficiency, the modulation types compared are BPSK for standard
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Assume also that the effect of channel AWGN can be neglected, thus leaving the system with CFO errors only. Each symbol is conjugated and repeated to build a data pattern in the transmitted stream. This data pattern will be utilized at the receiver to cancel the CFO errors. Thus, the transmitted stream takes the form X 1 X 1 * X 2 X 2 * X 3 X 3 * ….. Note that the throughput of the system is half that of a classical QPSK, and therefore, its performance should be compared to a classical BPSK system. At the receiver, each symbol suffers a CFO phase error φ(t) = 2f t. Consequently, the received symbols R 1A and R 1B corresponding to transmitted symbols X 1 and X 1 * are given by:
In this scheme, the modulation symbol X is mapped on k and k * is mapped on subcarriers k and (N-k-1), respectively. Therefore, the data block becomes x = ( X 0 1 X N/2+1 ,……., X* N/2+1 , X* 1 , X* 0 ).
,… , X ,
OFDM and QPSK for the proposed one. Fig. 2 shows the CIR performance of the proposed schemes in decibels as a function of the normalized frequency offset, where N = 1024 .
From Fig. 2 , we can see that both the proposed schemes are identical in CIR analysis and give about 40dB to 10dB CIR improvement for small to medium frequency offsets in the range 0<ε≤0.2.
In terms of phase rotation error, Fig. 3 shows that the normal OFDM has a phase shift of about 45 o if the normalized frequency offset is 0.25. This is a serious problem if the modulation scheme is chosen as QPSK or higher. Instead the proposed algorithms show a better performance and high immunity of ACPA/ SCPA algorithms to frequency offset errors. For OFDM system, SCPA gives better performance than ACPA as illustrated by Fig. 5 . 
B. Comparison with Other Schemes
Now, we compare SCPA OFDM scheme; which gives better performance than ACPA scheme, with other schemes published in references [6] - [8] , using CIR and phase rotation as a performance measure. It is clear from Fig. 6 that SCPA gives better CIR performance than standard and SCSR OFDM schemes. Although ASR, SSR schemes give better CIR performance than the proposed SCPA, they don't succeed in eliminating the phase rotation and completely cancel CFO. Also among all published techniques [6] - [13] , the proposed technique gives the highest immunity to frequency offset variation. The following paragraphs compare the BER performance of the proposed SCPA technique with ASR [6] , and SCSR [8] schemes.
1) SCPA QPSK scheme
As illustrated in Fig. 7 , for higher frequency offset, SCPA -QPSK scheme behaves better than both ASR for higher E b /N o and SCSR for higher frequency offset values, ε > 0.1. 
VI. CONCLUSION AND FUTURE WORK
In this paper, we have suggested two new ICI cancellation schemes to reduce the frequency offset sensitivity of the OFDM systems. These two systems are based on conjugate repetition of the symbols at the transmitter side and conjugate multiplication (adding the phases in polar form of complex numbers) of the data symbols at the output of the FFT block of the receiver. As opposed to previous ICI cancellation schemes, these two schemes combine very good CIR and BER performance even at high CFO errors.
